Abstract: The effects of prestraining on high-cycle fatigue strength of newly developed low alloy TRIP-aided steels with different matrix structures and different retained austenite characteristics were investigated for automotive applications. Prestraining to 10% in tension increased the fatigue limit of the TRIP-aided steels, especially in steel with a polygonal ferrite matrix. It was considered that the polygonal ferrite matrix brought on high a fatigue limit mainly due to TRIP of the retained austenite and high compressive internal stress in the matrix resulting from a hard second phase on preslmining. On the other hand, the steel with bainitic ferrite lath matrix exhibited only a small increase inthe fatigue limit after prestraining. This was expected to be mainly due to "strain-induced martensite hardening" on prestraining, with small contributions of TRIP of compressive internal stress in the matrix. In addition, a very interesting finding was obtained that the internal stress is the most effective parameter among some parameters to increase the fatigue strength in low alloy TRIP-aided steels.
Newly developed high-strength low alloy TRIP-aided sheet steels with a polygonal ferrite matrix, annealed martensite matrix or bainitic ferrite matrix is very useful to achieve the drastic weight reduction and good crush safety for vehicles. The TRIP-aided steels possess an excellent formability due to TRIP effect of stable retained austanite of 5-15 vol% [1-4] , as well as high fatigue strength [5] [6] [7] [8] [9] and high impact performance [10] . Therefore, some applications to suspension parts and impact members are intensely tried up to now. Generally, the above parts are inserted into the main frame after press forming. If the TRIP-aided steels are applied to the suspension parts, low-cycle and high-cycle fatigue strengths after press forming need to be investigated because some of retained austenites in the TRIP-aided steels are strain-hardened and/or transformed on press forming. However, the high-cycle fatigue properties after press forming can not be found up to now, although a low-cycle fatigue properly is already reported [9] .
In the present study, the effects of presto on high-cycle fatigue strength in three types of TRIP-aided steels were examined. In addition, the fatigue strength was discussed through deformation transformation behavior of the retained austenite, X-ray internal stress in the retained austenite and dislocation stricture change in the matrix.
EXPERIMENTAL PROCEDURE
In the present work, cold-rolled sheet steel of 1.4mm in thickness with chemical composition of 0.17C,1.41Si, 2.00Mn, 0.015P, 0.001S, 0.040Al and 0.0029N (mass%) was prepared.
From the sheet steel, fatigue specimens of 10mm in gauge length by 5mm in width by 1.4mm inthickness were machined parallel to the rolling direction. To obtain the TRIP-aided steels with polygonal ferrite (PF) matrix, annealed martensite (AM) matrix orbainitic ferrite (BF) matrix, different heat trealmenis illustrated in Fig. 1 were conducted in salt bath furnaces. Hereafter, their steels are called PF, AM and BF steels, respectively. For comparison, another cold rolled sheet steel with chemical composition of 0.14C, 0.19Si,1.69Mn, 0.010P, 0.004S, 0.032Al and 0.0050N (mass%) was used for preparation of a dual-phase steel which, was intercriticallv The specimens prestrained up to 10% in tension were subjectedd to load-control fatigue testing on a dynamic-servowave of 50Hz at stress ratio of R=0.1. LePem etching [11] , as well initial etching, was used to distinguish each constituent in the steels.
The volume fraction of second phase was measured by a linear intercept method on a micmgraph with LePem etched The volume fraction of retained austenite was quantified from (1) Deformation-transformation behavior of retained austenite and a long-range internal stress in retained austenite were investigated by X-ray diffractometry and were observed using [14] was applied to X-ray studies of longitudinal internal stress of retained austenite. The measurement conditions and material constants are shown in Table 1 . Also the line breadth at a half-maximum X-ray intensity corresponding to the amount of plastic strain and strain hardening was measured from the (220) abbreviated as the intemal stress.
denote polygonal ferrite, bainite, martensite and retained austenite, respectively. And, white, gray and black regions in (c) and (e) represent martensite and/or retained austenite, polygonal ferrite or bainitic ferrite, and bainite, respectively. Figure 2 shows micrographs of heat treated TRIP-aided and dual-phase steels. The PF steel mainly consists of polygonal ferrite matrix and second phase (bainite plus retained austenite) along the ferrite grain boundaries. The AM steel is composed of annealed martensite lath matrix and interlath second phase (carbide-free bainite plus retained austenite). On the other hand, the BF steel mainly consists of bainiitic ferrite lath matrix with high dislocation density and interlath second phase (retained austenite plus blocky martensite). As shown in Table 2 , the retained austenite content of the TRIP-aided steels are between 7.5 and 10.9 vol% and its carbon concentrations are ranging from 1.21 to 1.31 mass. It is noteworthy that the AM steel possesses the most carbon-enriched retained austenite among the TRIP-aided steels. Figure 3 shows nominal stress-strain curves of the three kinds of TRIP-aided steels. Also, typical tensile properties of the steels are shown in Table 2 . The yield stress or 0.2% offset proof stress of the TRIP-aided steels is between 596 and 714MPa, the tensile strength is between 804 and 912MPa and the yield ratio is ranging from 0.70 to 0.78. The BF steel possesses the highest yield strength and tensile strength, and the PF steel is characterized by the lowest yield ratio. The total elongation of the TRIP-aided steels is between 34% and 52%, and the PF and AM steels exhibit larger total elongation.
Fatigue Strength Properties
5 shows the variation in fatigue limit (FL) as a function of represent the ratio of fatigue limit to tensile strength (FL/TS) of heat steels. From both figures, the following is recognized.
(1) The fatigue limits and the FL/TS values of heat treated TRIP-aided steels are far higher than those of the conventional dual phase steel. Note that the BF steel possesses the highest Sung-Moo SONG, Koh-ichi SUGIMOTO, Shinsuke KANDAKA, Asahiko FUTAMURA, Mitsuyuki KOBAYASHI and Setsuya MASUDA fatigue limit among the TRIP-aided steels.
(2) When subjected to prestrain, the largest increase in fatigue limit is obtained in the PF steel with polygonal ferrite matrix, similar to the dual-phase steel. Consequently, the PF steel, prestrained to 10%, completes the highest fatigue limit, despite the lowest initial fatigue limit. (3) On the other hand, the BF steel with bainitic ferrite exhibits only a small increase in the fatigue limit by prest wining.
3.3. Microcrack Initiation and Development of Cell Structure Figure 6 shows typical transmission electron micrographs of PF and BF steels cyclically deformed for 107 cycles at a fatigue limit after prestraining to 5%. Similar to a previous report [15] , it was observed that the cell structure rarely develops in the matrix of all the TRIP-aided steels, although the dislocation density is considerably increased. Figure 7 shows typical scanning electron micrographs of the specimen surfaces of PF and BF steels cyclically deformed under stress amplitude of 720MPa. It is found that short wavy slip bands develop in the matrix of the PF steel and most of the microcracks initiate inside the matrix. On the other hand, it is seen in the BF steel that long wavy slip bands develop along the bundle boundary and/or packet one. The slip bands seem to develop into microcracks after further fatigue deformation.
Deformation -Transformation
Behavior and X-ray Internal Stress of Retained Austenite
Figures 8 shows variations in the ratio of untransformed ratio of line breadth at a half-maximum X-ray intensity of number of cycle (N) for heat treated or preshained TRIP-aided steels. From these fatigues, the following is recognized.
austenite content transforms to martensite during fatigue deformation. In the prestrained steels, however, the retained austenite transforms to martensite only slightly during fatigue austenite content transforms on presuaining.
(2) The ratio of line breadth at a half-maximum X-ray intensity of deformed retained austenite to that of the In this study, it was found that the PF steel with polygonal ferrite matrix exhibited the largest increase in fatigue limit by prestrainin g among TRIP-aided steels (Fig. 5) . In general.
value (0.24). This means that fatigue limit in the TRIP-aided steels after prestraining can not be absolutely estimated by only the increment of yield stress.
According to the previous study [5] [6] [7] [8] [9] , high compressive internal stress develops in the matrix of heat-treated PF steel during fatigue deformation. This suggests that the compressive internal stress may control the ratio of fatigue limit increment to discussed on the basis of internal stress in the matrix, which was calculated from the X-ray internal stress in retained austenite by continuum theory proposed for two phase alloys [16] . Hereafter, a soft phase such as polygonal ferrite, annealed martensite or bainitic ferrite is called the matrix, and a hard phase containing retained austenite is called the second phase. According to a previous study [7] , tensile deformation of TRIP-aided steels is principally controlled by the following: (i) increase in strain-induced martensite content and stress relaxation (or plastic relaxation) due to shear strain and expansion strain on the strain-induced transformation.
(ii) compressive internal stress in the matrix resulting from strain-hardened retained austenite and other hard second phases.
When (i) and (ii) above were applied to the deformation theory of two phase alloy [17] , the increment of strain hardening
If the mean internall stress of the second phase is assumed to be equal to that of the retained austenite particles, thenthe mean (6) 
Role of Prestrain on Fatigue Limit
According to previous reports [5, 6] , fatigue limits of heat treated TRIP-aided steels were controlled by the above (i) were expected to play a part of suppressing microcrack initiation and propagation. Namely, (ii) from above, principally enhances the fatigue limit in the PF steel. On the other hand, the fatigue limit of the BF steel is increased by above (i), as well as uniform fine lath structure and the increased dislocation density in the matrix. Fig. 9 (b) shows the equivalent internal stress in equation (6) . In this case, the mean internal stress in the second phase was assumed to be equal to that of the retained austenite [7] . From Figs. 8 and 9 (b), it is found that the equivalent well as variations in volume fraction and line breadth at a half maximum X-ray intensity of retained ate, varied only a little during fatigue deformation, differing from the case of heat-treated specimens. This means that the difference in the ratio of fatigue limit increment to yield stress increment fraction of retained austenite, line breadth at a half maximum X-ray intensity of retained austenite and mean internal stress of matrix just after prestraining, not during fatigue deformation.
First let us discuss the reason why the PF steel exhibits a high the ratio of fatigue limit increment to yield stress was characterized by more stable retained austenite and a softer matrix than those of the BF steel, resulting in a small ratio of strain-induced martensite content to initial retained ate the PF steel possessed a larger amount of second phase than the BF steel. Thus, significant compressive internal stress developed in the matrix on pnrstraining. As the equivalent that fatigue-cracks initiated inside the matrix in the PF steel, as shown in Fig. 7 (a) . From results, it was concluded that a high compressive internal stress developed on prestmining suppressed the crack initiation in the matrix and consequently increased the fatigue limit and the ratio of fatigue limit increment to yield stress increment (ƒ¢FL/ƒ¢YS) value. In this case, localized stress relaxation or plastic relaxation on sthin-induced transformation [5] is also considered to improve the fatigue limit through suppressing the microcrack initiation and propagation. Also strain-induced mattensite may contribute to increase the fatigue limit by blocking the crack propagation.
In the BF steel, higher internal stress developed inside the retained austenite on presto and during fatigue deformation, but the compressive internal stress in the matrix was estimated to be low due to a small amount of second phase. Also, cell stiiicture hardly developed in the matrix during fatigue deformation, similar to the PF steel (Fig. 6(b) ). Furthermore, it was supposed that the strain-induced transformation slightly relaxes the localized stress concentration at slip bands or microcracks because of a small amount of mtransformed retained austenite after prestraaining. Therefore, another factor other than the TRIP effect of retained austenite, the internal stress and cell structure, namely, the strain.-induced martensite hardening may mainly contribute to the increased fatigue limit The strain-induced martensites in the BF steel are finely distributed along the bainitic ferrite lath boundary, so that they may effectively block the crack propagation along the lath boundary. However, it is supposed that contribution of the strain induced martensite hardening is not large so much
The reason why the AM steel exhibited relatively large the ratio of fatigue limit increment to yield stress increment the reason is likely to be an intermediate between PF and BF steels.
CONCLUSIONS
The effects of prestraining on high-cycle fatigue strength of three types of TRIP-aided steels were examined In addition, the effects were discussed in terms of the dislocation structune change, deformation-transformation behavior of the retained austenite and variation in mean internal stress. The results are summarized as follows.
(1) The fatigue limits of TRIP-aided steels were increased by prestraining. However, its increment was the largest in PF steel with a polygonal ferrite matrix and the BF steel with bainitic ferrite lath matrix exhibited the smallest In the AM steel with annealed martensite lath matrix, the increment of fatigue limit was betweenthose of the PF and the BF steels.
(2) In the PF steel, a significant increase in fatigue limit by preslraining was considered to be due to development of high compressive internal stress in the matrix on prestn ining and the TRIP effect of stable retained austenite.
(3) On the other hand, in the BF steel, a small increase in fatigue limit by presto was mainly due to a contribution of strain-induced martensite hardening. In this case, compressive internal stress in the matrix and TRIP effect, hardly contributed to improvement of the fatigue limit" (4) It was proposed that the development of high compressive internal stress in the matrix was very effective to enhance the fatigue limit of the TRIP-aided steels, particularly for prestn fined steels.
